The literature on the content and stability of vitamin C (ascorbic acid, AA) in citrus juices in relation to industrial practices is reviewed. The role of vitamin C from citrus juices in human diet is also reviewed. Citrus fruits and juices are rich in several types of bioactive compounds. Their antioxidant activity and related benefits derive not only from vitamin C but also from other phytochemicals, mainly flavonoids. During juice processing, temperature and oxygen are the main factors responsible for vitamin C losses. Non-thermal processed juices retain higher levels of vitamin C, but economic factors apparently delay the use of such methods in the citrus industry. Regarding packing material, vitamin C in fruit juice is quite stable when stored in metal or glass containers, whereas juice stored in plastic bottles has a much shorter shelf-life. The limiting step for vitamin C absorption in humans is transcellular active transport across the intestinal wall where AA may be oxidized to dehydroascorbic acid (DHAA), which is easily transported across the cell membrane and immediately reduced back to AA by two major pathways. AA bioavailability in the presence of flavonoids has yielded controversial results. Whereas flavonoids seem to inhibit intestinal absorption of AA, some studies have shown that AA in citrus extract was more available than synthetic ascorbic acid alone. DHAA is reported to possess equivalent biological activity to AA, so recent studies often consider the vitamin C activity in the diet as the sum of AA plus DHAA. However, this claimed equivalence should be carefully reexamined. Humans are one of the few species lacking the enzyme (L-gulonolactone oxidase, GLO) to convert glucose to vitamin C. It has been suggested that this is due to a mutation that provided a survival advantage to early primates, since GLO produces toxic H 2 O 2 . Furthermore, the high concentration of AA (and DHAA) in neural tissues could have been the key factor that caused primates (vertebrates with relative big brain) to lose the capacity to synthesize vitamin C. Oxidative damage has many pathological implications in human health, and AA may play a central role in maintaining the metabolic antioxidant response. The abundance of citrus juices in the Mediterranean diet may provide the main dietary source for natural vitamin C.
Introduction
It has been known for a long time that a clear relationship exists between the food we eat and our health [1] . An increase in the consumption of fruits and vegetables is associated with a decrease in the incidence of cardiovascular disease and reduced risks of certain cancers [2] . It is important to bear in mind that not all vegetables have the same composition and antioxidant capacity [3] [4] [5] . It is therefore important to recognize which vegetables have the highest antioxidant capacity and introduce them regularly into the diet [6] .
Consumption of citrus fruits or their products is found to be inversely associated with several diseases [7, 8] . Citrus fruits and juices are rich sources of bioactive compounds. Furthermore, citrus fruits have been identified in a large cohort of Mediterranean countries adult population as one of the main food sources of nutrients with redox properties. Citrus fruits provide about 51% of vitamin C and also large quantities of some carotenoids: 68% for β-cryptoxanthin and 43% for zeaxanthin [9] .
Citrus are the main fruit grown and consumed in the world. Nowadays, world production is about 108 million tons and the main producers are Brazil, The current US Recommended Dietary Allowance (RDA) for vitamin C in healthy adults ranges between 60 and 90 mg, requiring higher intakes during lactation and in smokers [63] .
Influence of different factors on vitamin C concentration
Variability in the vitamin C (ascorbic acid) content of citrus fruit and their products is influenced by variety, cultural practice, maturity, climate, fruit quality, fresh fruit handling, processing factors, packaging, and storage conditions [16, 64] .
Vitamin C is usually considered the major antioxidant in citrus. Nevertheless, Sun and coworkers showed that vitamin C only contributed 8.60% of the total antioxidant activity in grapefruit, followed by orange (8.16%) and lemon (6.15%), thus the major contribution to the total antioxidant activity in fruits was from the combination of phytochemicals, not from the vitamin C alone [65] . Some authors have also stressed the main role of hesperidin in the total antioxidant capacity of orange juice [66] . Nevertheless, a recent study conducted of fifteen different varieties of citrus has shown that vitamin C is the predominant antioxidant in citrus [67] [68] [69] . These researches indicate a wide variation in vitamin C contribution in different citrus fruits and even different cultivars within citrus species.
Citrus fruit juices provide an important source of vitamin C for human nutrition, even though only about one-fourth of the vitamin C content of citrus fruit is found in the juice [16, 70] . For oranges the concentration of ascorbic acid in the proximity of the peel is higher than in the center of the fruit [70] [71] [72] . The highest concentration of vitamin C was found in lemon peel, followed by lower amounts in the pulp and juice [73] . These data are consistent with those given by Atkins et al. [74] for four orange varieties, who found the following average percentages for vitamin C in the component parts: flavedo (34%), albedo (19%), pulp and rag (core) (21%), and juice (26%). However, the data showed for two grapefruit varieties (flavedo (31%), albedo (33%), rag and pulp (core) (19%), and juice (17%)) are in disagreement with those reported by Wu et al. [75] , who pointed out that vitamin C content in grapefruit juice is half than in grapefruit peel. A study of the bioactive compounds and antioxidant capacities in different edible tissues of citrus fruit [39] has indicated that the segment membrane of citrus fruit has the highest content of bioactive compounds. It is thus recommended to consume citrus juice with high pulp content.
Ripening influence on the vitamin C content is not well defined. Sites and Reitz [76] showed that vitamin C content in citrus fruits, and their juices, decreases during ripening. Whereas mature fruit contained the least concentration of vitamin C, immature fruit contained the highest. On the other hand, many authors argue the opposite,that vitamin C content increases when the fruit ripens [71, 77, 78] . However, González-Molina et al. have noted in studies over three seasons on 2 lemon varieties, Fino and Verna, that weather conditions can significantly influence the values of the vitamin C content during ripening [79, 80] .
Taking into account overall averages, Nagy [16] pointed out that the citrus juice richest in vitamin C is orange juice, followed by grapefruit, lemon and mandarin (Tables 1-4 ). These results, showing higher vitamin C levels for orange varieties compared to mandarin ones, are in agreement with those of other authors [13, 66, 67, 84] .
Much literature published on citrus fruit has focused on orange, because it is the main source of vitamin C [57] [58] [59] . Reports show that vitamin C content in orange juices are between 29.0 and 82.5 mg/100 mL (Table 1 ). Navel and Pineapple oranges have the highest contents of vitamin C, 82.5 and 78.0 mg/100 mL of juice, respectively [16, 78] . Valencia Late oranges contain the lowest concentration (29.0 mg/100 mL of juice) [16] . This is related to the lowest vitamin C levels at the end of the season, when Valencia Late ripen and are processed [85] .
Moro, Tarocco and Sanguinello are the most cultivated blood orange varieties in Italy, and their vitamin C contents are very similar to blond oranges [87] .
In commercial orange juice [85] the highest vitamin C concentration is found in juices that also have the highest concentration of pulp. These data agree with that of Abeysinghe et al. [39] , that orange pulp has higher vitamin C content than simple juice.
As previously reported, the ascorbic acid levels of mandarins are normally lower than for oranges, grapefruit and lemon [16] ; despite this, mandarin juices can contain a significantly content of this vitamin ( Table 2) . Mediterranean mandarin and Clementine (Citrus reticulata Blanco) reach the highest values of vitamin C, while tangerine (C. deliciosa Ten.) the least. However, no significant differences between varieties in mandarin juice vitamin C concentration have been described. Other Citrus species also consumed as mandarin in China, e.g.Satsuma (C. unshiu Marc.), show similar contents (23.4-33.7 mg of vitamin C/100 mL of juice) [16, 67] .
Vitamin C contents of different grapefruit varieties were reported by Nagy [16] . The approximate range in grapefruit juices was about 25 to 60 mg of vitamin C/ 100 mL (Table 3 ). Furthermore, no significant interactions were found to exist between vitamin C content of grapefruit juice and harvest year and month, or industrial treatment [85] .
However, differences were found between conventional and certified organic Rio Red redfruited grapefruit, where vitamin C content of organic grapefruit juice was higher [81] . Similar results were reported for organically grown Valencia oranges [95] and Hernandina mandarins [89] .
Lemon juice is one of the most important citrus vitamin C sources [72] (Table 4 ). Vitamin C levels in lemon juice range between 20 and 60 mg / 100 mL of juice [16] . Varietal differences in vitamin C contents of lemons are common. For example, the levels found in Fino cv juice (45.7-57.3 mg / 100 mL) were higher than those found in Verna cv juice (26.1-36.1 mg / 100 mL) in a study carried out in Spain [15] .
However, other surveys, also performed in Spain, did not find varietal [74, 79, 80] seasonal [16, 87] nor rootstock differences [74] .
Influence of Citrus processing on Vitamin C content.
The observed loss of ascorbic acid over time varied from 3.5% to 7.5% in products which had a shelf life of months. Nagy, 1980 [16] investigated what factors affected the vitamin C contents of citrus fruits. The most important were thermal processing, type of container, handling and storage.
During the industrial process, the fruits used to obtain concentrates, juices and nectars, undergo different extraction processes, which may alter the content of different compounds in the end product. Degradation may also occur, especially of ascorbic acid, as a consequence of heat-treatment and storage [98, 99] . Such phenomena have been investigated by a number of researchers [100] [101] [102] [103] [104] . The main factors affecting ascorbic acid loss in orange juice during processing include temperature, salt and sugar concentration, pH, oxygen, enzymes, light, metal catalysts, and initial ascorbic acid concentration [105] .
Studies from the 1940s determined the percentage loss of vitamin C during processing of single strength and frozen concentrated citrus juices. The main features in processing single strength juices ( Figure 1 ) are (1) extracting, (2) finishing, (3) blending, (4) pasteurizing and/or concentrating , and (5) filling juice into cans and closing [106] .
The influence of current citrus processing techniques such as pasteurization, freezing, and concentration on phenolic compounds, vitamin C, and antioxidant capacity has been mainly described at experimental or pilot plant levels or with the final commercial product, but not at the industrial scale [83, 107, 108] .
Extraction System: The main current methods for extraction of citrus juice are: the interdigital cup system extractor of FMC "In-line", the Brown and Indelicato extractor. The principal advantage of the FMC "In-line"machine is the extraction of juice from the whole fruit without first cutting it in half, by comparison with the other extractor system, where the fruit enters the machine and is sliced into halves, which are orientated and picked up by synthetic rubber cups.
Little is known about the influence of the configuration of the extraction system on the quality parameters of citrus juices. Martí, [109] showed that there are no significant differences in vitamin C content in orange, lemon and tangerine juices from different configurations of the FMC "In-line" extractor (premium or standard). Gil & Ferreres [110] compared two juice squeezing methods: commercial and domestic. The first had 25% more vitamin C than the second, probably due to the contribution obtained when the juice was produced using the Indelicato System. However, since the assay is specifically designed for oranges, it may not work with lemons and thus the data provided from this work should be treated carefully.
Heat treatment conditions:
Fresh orange juice has a limited shelf life due to deterioration [111] . Thermal processing [112] stabilizes orange juice with respect to enzyme and microbial activity, and is indispensable before concentration, bulk storage, packing and distribution. However, the process and storage leads to a loss of representative flavor compounds and vitamin C [113] .
Vitamin C (as the sum of ascorbic, AA and dehydroascorbic acid, DHA) is a heat sensitive nutrient [114] . High temperatures during processing and storage cause loss of ascorbic acid [115] , but the latter is the most important factor. Similarly, the deleterious effect of oxygen and pH are influenced by temperature [116] . The degradation of vitamin C in pasteurized orange juice [111] and in a mixed pasteurized orange-carrot juice [117] followed firstorder kinetics, and was a function of time and temperature.
Heat treatment should be designed to minimize chemical, nutritional and flavor changes in the product. The usual practice has been to obtain a concentrate from the juice, which was frozen and reconstituted with water to give the so-called orange juice from concentrate (OJFC), which still accounts for a large proportion of the orange juice market. Other kinds of orange juice are marketed after pasteurization [118] . In both cases, the juice undergoes thermal treatments that elongate its shelf life, but also lower its vitamin activity and deteriorate its flavor, aroma, and color [119] [120] [121] .
Gil-Izquierdo [110] determined the effects of industrial scale orange juice processing techniques (pasteurization, concentration, and freezing) on quality. Pasteurization and freezing mildly increased DHA but did not seriously affect AA content, possibly due to contribution from the solids parts. In fact, vitamin C degradation in the pulp was dramatic, and only 21% remained of its initial content. The pasteurization of the pulp caused a loss of 58% in total vitamin C.
Nevertheless, Naim and co-workers [108] disagree with this data at the pilot plant level, and others report no differences for vitamin C between pasteurized pure juice and sterilized 12% concentrate juice [122] .
Freezing is a technique used to preserve orange juice. When the orange juice was analyzed before and after freezing, the main difference was detected in the increase of DHA (26%) compared to the AA content [110] . This process, however, did not affect the total vitamin C content. More research could be done to clarify the stabilization of both forms of vitamin C in orange juice after freezing treatments. The estimated shelf life of frozen, freshly squeezed, unpasteurized orange juice was about 22 months and the loss of vitamin C content was 19.2% over the storage period [118] . Nagy in 1980 [16] established that frozen concentrated orange juice (FCOJ) and reconstituted FCOJ always have the highest levels of vitamin C compared to freshly squeezed or not-fromconcentrate (NFC) juice and are above the 100% US RDA values. This is probably due to the fact that vitamin C degrades over time in fresh and NFC, but does not degrade as much as in FCOJ until reconstitution [118, 123, 124] .
The degradation of AA plays a major role in nonenzymatic browning reactions [125] . HMF (hydroxymethyl furfural) is one of the decomposition compounds of ascorbic acid ( Figure 2) ; it is used to evaluate the severity of heating applied to fruit juice during processing [126] . The degradation kinetics of vitamin C have been extensively studied for food storage at low temperatures and in model systems [100, [127] [128] [129] as is shown in Figure 2 . Nevertheless, few data are available for thermal degradation of ascorbic acid in real situations, as in fruit juices at high temperatures (50°C) [130, 131] in relation to the content of dissolved oxygen [100, 131] .
Alwazeer et al. [132] demonstrated that gassing a juice with N 2 after thermal treatment increased the ascorbic acid stability. Dhuique, et al. [133] showed, in agreement with research on citrus juices [130, 131, 134, 135] , that the thermal degradation of ascorbic acid was a first-order reaction. On the other hand, the effects of ohmic heating on the quality of orange juice were examined and compared to those of classical heat pasteurization [129] . The reduction in vitamin C was 15% in ohmic-heated orange juice [129, 135] .
Non thermal technologies for treatment of citrus juices
Although thermal processing remains the most widely employed pasteurization technique, there is a growing interest in the development of alternative preservation techniques, which minimize changes of organoleptic and nutritional properties. During the last decade minimal processing techniques have been well established as an essential strategy for modern food preservation. Thus, researchers aim to find the best conditions and processing techniques able to improve citrus juice, especially orange juice.
High Hydrostatic pressure & Pulsed Electric
Fields: The application of a new non thermal technologies, like High Hydrostatic Pressure (HHP), was less destructive than conventional thermal treatments to compounds related to sensory, nutritional and health qualities of the product such as vitamins, flavonoids and others [136] [137] [138] [139] [140] [141] . Fernández-García et al. [137] found that HHP treatment and storage for up to 21 days at 4ºC, caused no significant differences in antioxidant capacity, vitamin C or carotene content in orange juice and an orange-lemon-carrot juice product. Polydera et al. [142] [143] [144] concluded that the rates of degradation of ascorbic acid were lower for orange juice treated with HHP than for that processed with conventional pasteurization. The same trend was observed in a previous study for Valencia orange juice reconstituted from frozen concentrate [143] .
Among the non-thermal techniques investigated for minimal processing of fruit juices, Pulsed Electric Fields (PEF) has emerged as a promising alternative [145] [146] [147] . HHP and PEF processing have received increased attention during the past decade [148, 149] . In spite of the fact that microorganisms and enzymes may be inactivated by these technologies, the flavor and nutritional quality of orange juice is usually unaffected [112, 113, [150] [151] [152] [153] [154] . Many researchers agree on the advantage of PEF for the retention of fresh flavor and nutrients [112, [155] [156] [157] [158] [159] [160] [161] [162] [163] . There is insufficient information on the influence of these treatments on the antioxidant compounds of the juice, but there is much research on the effect on the vitamin C content of juices [113, 136, 139, 151] showing that non-thermal process technologies retain a higher level of ascorbic acid than thermally processed juices [113, 164, 165] .
These technologies retain the bioavailability of vitamin C and the antioxidant protection of freshly squeezed orange juice (FSOJ) in humans [86, 162, 163, [166] [167] [168] [169] [170] [171] [172] . On the other hand, PEF-treated orange juice retains a significantly higher content of ascorbic acid than heat-pasteurized juice stored at 4°C, but shows no significant difference at 22°C [113] .
Other technologies: Ultrasound is also of interest when applied in conjunction with heat (thermosonication, TS) [173] [174] [175] , or heat and pressure (mano-thermo-sonication, MTS) [176, 177] . Power ultrasound is a promising processing alternative to conventional thermal treatment in the food industry and is effective against food borne pathogens found in orange juice [178] . Increased shelf life based on ascorbic acid retention was found for sonicated samples compared to thermally pasteurized samples. Tiwari et al. [179] indicated that sonication results in enhanced retention of ascorbic acid in orange juice during storage compared to thermal processing.
Other technologies for citrus juice preservation like ozone treatment have been studied, but due to the mechanism of ozone self-decomposition [180] [181] [182] , almost 70% of the ascorbic acid was destroyed during the first 10 minutes of treatment [183] . The ascorbic acid degradation rate constant was found to increase exponentially with ozone concentration. A similar result was reported for other juices when exposed to different oxygen levels [16, 102, 184, 185] . Ultraviolet (UV) treatment can inactivate harmful microbes in food. The treatment can be carried at low temperature [186, 187] . However, the use of UV for disinfection of liquid food, such as juices, has not been widely studied. Tran and Farid have proved that the degradation of vitamin C was 17% under high UV exposure [188] similar to that found in thermal treatment [189] .
Storage conditions & Packing material
Packaging material selection, as well as processing, influences the quality of foods due to the absorption of flavor compounds, or permeation by oxygen leading to degradation of flavor, color, and nutrients. Vitamin C has been reported to be stable after been canned in tin or glass. Paperboard cartons with low-density polyethylene (LDPE), as the product contact layer, and plastic containers are commonly used packaging materials for orange juice [190] . Berry et al. [191] monitored the ascorbic acid level in single-strength orange juice during storage and found that the shelf life in plastic bottles was considerably shorter than that in glass bottles. Furthermore Bisset & Berry [192] showed the best retention of ascorbic acid in glass bottles compared to polyethylene, polystyrene, and cardboard containers.
Using non-thermal processing, such as PEF, with compatible material may increase the shelf life of orange juice while preserving fresh flavor and nutrients [193] . Polyethylene is a poor gas barrier [194] , which explains the significant reduction of ascorbic acid in HDPE and LDPE bottles compared to glass and PET bottles.
After processing, products are subjected to varying temperatures and storage periods during warehousing, andtransit to markets. Once purchased, the product may again be subject to different storage conditions. In the 1940s and 1950s different authors showed that storage temperatures in excess of about 28ºC caused vitamin C destruction at markedly accelerated rates in canned products. Nagy and Smoot, [115] working with orange juice in different containers, showed that vitamin C loss was due to oxidation by a residual air layer trapped within the container during processing. The ascorbic acid content of single-strength and concentrated fresh lemon juice changed significantly during storage at 25, 35 and 45ºC [105] .
Sizer et al. [195] mentioned that control of storage temperature remains the single most important factor in delaying flavor loss and achieving satisfactory shelf life and quality. Oxygen in the juice, in the headspace, and permeating the packaging material should be minimized to avoid detrimental effects on the retention of vitamin C, color, and flavor [196] .
The stability of ascorbic acid in commercially available orange juices and beverages obtained from concentrate in sealed and open containers was evaluated [197] , as well as in juices obtained from FCOJ. The results demonstrated that the ascorbic acid content was reduced to 50% after four weeks at 4ºC. Esteve et al. [198] concluded that ascorbic acid of Valencia orange juice (mild pasteurization 70ºC 20 sec varied with storage time more significantly at 10º C than at 4ºC. A period of at least 42 days at 4ºC and 35 days at 10ºC was established as the shelf life of the juices.
Human health and diet implications of vitamin C from citrus juices
Ascorbic acid has multiple biochemical roles, the primary one as the main water-soluble antioxidant in the human body [199] . Vitamin C has a very important nutritional role, and the symptoms of its absence in the diet have been known since the time of the ancient Egyptians and Greeks. As with others primates, humans lack the enzyme gulonolactone oxidase (GLO) that catalyzes the last step of ascorbic acid synthesis, thus humans are unable to produce vitamin C. A deficiency in vitamin C leads to scurvy whose symptoms are well known. In developed countries this deficiency is only found in people suffering from alcoholism, cancer cachexia, drugs dependence or malabsorption. This paper reviews recent findings on the effects of ingestion of citrus juices on human health, focusing on the role of vitamin C.
The importance of this mutation in human evolution is evident. Humans have relatively low plasma ascorbate levels compared to most mammals due to the lack of l-gulonolactone oxidase. It had been suggested that it could be an adaptive mutation that may have provided a survival advantage to early primates by helping maintain blood pressure during periods of dietary change and environmental stress [200] [201] [202] . Other authors propose that the formation of H 2 O 2 by GLO and the resulting glutathione depletion are detrimental factors providing selective pressure to keep a species with ample dietary supply of the sources of the vitamin C from having the ability of forming ascorbic acid [203] . Or one can speculate that possibility could be a relationship between the fact that DHA destabilizes the cytoplasmatic membrane and that the highest concentration of AA is in neural tissues. This could be the key factor that is linked to the fact that primates (vertebrates with a relatively bigger brain) lacks the capacity to synthesize vitamin C.
Chemical & enzymatic reactions of vitamin C
The vitamin C content of foods is usually reported as total vitamin C, is defined as the sum of two biologically active forms. The reduced form of vitamin C is called L-ascorbic acid (AA), and the oxidized form is called L-dehydroascorbic acid (DHA). In citrus, vitamin C is found mainly in its reduced form, AA. However, its first oxidation product, DHA, which is often reported, possesses roughly equivalent biological activity to that of the reduced form of AA [204] , because AA oxidation is readily reversed by cellular mechanisms that rapidly absorb DHA and reduce it to AA [205] . A review on DHA written by Lee and Coates in 1999 [206] showed that the values of this compound in citrus juices range between 0.0 and 15.3 mg/100mL, which could mean that about 14% of vitamin C activity in the juices is in the form of the oxidized form of vitamin C. The defining part of the substance is the ascorbate mono-anion, which possesses both acid and base properties. Structurally, L-AA is one of the simplest vitamins. Ascorbic acid is related to the hexoses, being the aldono-1,4-lactone of a hexanoic acid (L-galactonic or L-gulonic acid), and contains an enediol group on carbons 2 and 3 which gives it its reducing power [200, 207, 208] .
The stereoisomer of AA, D-isoascorbic acid or Derythorbic acid, has little (5%) vitamin activity, but with the same antioxidant efficiency because they have a similar oxidation / reduction potential [208] . This means that it can also be used as an antioxidant.
Quantifying vitamin C in its active forms (AA, DHA) and its inactive form, diketogulonic acid (DKG) in food constitutes a way of evaluating the effects of processing and storage conditions on product quality. AA is rapidly oxidized to DHA by an enzyme with oxidase activity in the presence of oxygen [209] , or it is degraded non-enzymatically during the handling and processing of food. The chain of reactions continues with the transformation of DHA into DKG and other compounds.
The reaction of ascorbic acid in food depends on the conditions of storage: temperature, oxygen content and protection from light. The mechanism which explains the non-enzymatic degradation of ascorbic acid is not fully known, although it seems that all authors agree about the existence of two parallel routes: aerobic and anaerobic [210] [211] [212] [213] [214] [215] [216] . The complexity of the degradation mechanism was demonstrated in 1985 by Tannenbaum et al. [217] and Martell [218] . The aerobic degradation pathways (routes I and II) lead to dehydroascorbic as a final product by direct reaction with oxygen ( Figure 2) , giving H 2 O as a byproduct. The presence of certain metals accelerates the autooxidation of AA through an oxidative catalytic mechanism according to the sequence proposed by Bielski et al. [219] (via I).
Some metals such as Cu 2 + and Fe 3 + are catalytic independent of the presence of oxygen (via II). RAA can give DHA via its anion AHthrough the disproportion of the radical AH • (via III) [220, 221] . Distinguishing these pathways through simultaneous determination of DHA and DKG is not possible because they all have as a common step DKG and DHA. The anaerobic pathway proposed by Tannenbaum et al. [216] following the indications by Kurata and Fugimaki [221] (via IV) leads to DKG from AA without passing through DHA. The interconversion of ascorbic acid to dehydroascorbic in vivo has been recently confirmed [223] . The investigations by Singh et al. [224] showed that the most probable model of degradation of ascorbic acid is adjusted to a first degree order reaction [222, 223] , when the DHA concentration is very low. Degradation of ascorbic acid is lower when the storage temperature goes down, adjusting to a first degree order reaction at 30ºC and after 50ºC [225, 226] .
The importance of cystein (Cys) [227, 228] in the inhibition of the oxidation of ascorbic acid and the minimization or delay of non-enzymatic browning has been determined [229] [230] [231] . A recent study on the role of cystein in the mechanism of oxidation of glutathione [232] found that Cys is not a substrate for GSH-DHA oxidoreductase. Molnar [233] and Canovas [234] demonstrated the inhibition of browning in juices and fruits through the presence of amino acids with a thiol group (Cys) which prevents the oxidation of AA. Degradation of ascorbic acid in infant foods does not begin until the complete disappearance of the cysteine [61] . Besides being a cofactor for some Fe-containing enzymes, mainly various hydroxylases and dioxygenases [235] , AA has various biological functions including hormone and neurotransmitter synthesis [236] .
Collagen, scurvy and citrus juices
Vitamin C is a water soluble vitamin that plays a key role in the formation of collagen, the main protein of connective tissue, whose adequate synthesis is essential for proper resistance and strength of tendons, ligaments, skin, and other connective tissues. Moreover, severe ascorbate deficiency causes scurvy whose symptoms result from impaired collagen synthesis, since formation of its hydroxyproline residues by prolyl hydroxylase requires ascorbate as a cofactor [235] [236] [237] . At the same time and tissue level, evidence also suggests that there is a direct stimulation of collagen peptides synthesis by ascorbate [237] .
The cure for scurvy was discovered by James Lind (1753) a Scottish surgeon that worked on British ships. He reviewed the earlier literature on scurvy in a monograph entitled "A Treatise of the Scurvy". One chapter describes a clinical trial which showed the origin of scurvy. Groups of 2 men were allocated to 6 different daily treatments for a period of 14 days; one with 2 oranges and 1 lemon, others with vinegar, sea-water, and supposed anti-scurvy remedies. From this trial, Lind concluded that sudden and visible good effects were perceived from the use of the oranges and lemons. Later Casimir Funk (1912) assembled all the various strands of work supporting the deficiency theory of disease. Funk also used the term 'vitamine' from the words "vital" and "amines", but the letter 'e' was dropped when it was found that not all of these substances were amines, so that the term became "vitamin" [238] [239] [240] [241] . Ascorbic acid was first isolated by chance by Albert Szent-Györgyi [242] [243] [244] . The substance initially was named 'hexuronic acid' because it has 6 carbon atoms and is acidic. In 1932, the substance was renamed 'ascorbic acid' ('scorbutus' is scurvy in Latin). The Nobel Prize in Medicine or Physiology was awarded to Szent-Györgyi in 1937 for identifying vitamin C and for studies on energy metabolism [245] .
The recent generation of a Gulo -/-mice , which are unable to produce vitamin C because they lack the enzyme l-gulonolactone oxidase (GLO), allows the examination of the role of ascorbic acid in various biochemical processes. Studies with these mice showed that although ascorbic acid is essential for survival, its absence does not lead to measurable changes in proline hydroxylation [246] . However, animal studies with the some type of mouse show that ascorbic acid deficiency gives rise to structural abnormalities in arteries, which are caused by defects in collagen and elastin synthesis [247] . Similarly, experiments that fed bitransgenic Gulo2/2 mice with a low vitamin C diet showed that the mice had a lower collagen content in atherosclerotic plaques [248] . Other work led to similar conclusions regarding the importance of vitamin C for collagen synthesis [238, [249] [250] [251] [252] [253] [254] [255] .
Bioavailability and recommended intake
If we assume that true bioavailability is the ratio between the serum concentration of ascorbic acid after ingestion of an oral dose and the same dose given intravenously [256] then there is little information about true vitamin C bioavailability. These types of studies are difficult to perform due to the fact that persons in the test need to be at a steady state, the ascorbic or dehydroascorbic acids must be given intravenously and it is necessary to analyze many samples. Previous studies estimated bioavailability indirectly [257] [258] [259] . Only recently does the data provide the true bioavailability of ascorbate. After attaining a steady-state 50 µM, seven subjects were given solutions of pure ascorbic acid either by mouth or intravenously. Bioavailability was complete for a 200 mg single dose but declined to 49% with the 1250 mg dose [260] . [260] used sections of duodenum, jejunum and ileum of healthy human adults to establish a model for the absorption of AA and DHA in the human intestine. In the case of AA it is inversely related to transport with glucose; while glucose is absorbed almost entirely in the duodenum and jejunum, the ascorbic absorption is nearly all in the ileum. Indeed, high concentrations of glucose inhibit the uptake of AA.
Malo and Wilson
This study suggests that DHA crosses the apical membrane by facilitated diffusion, whereas ascorbate transport is a Na + -dependent, electrogenic process modulated by glucose [260] . It appears that the majority of DHA is reduced immediately upon crossing the serosal membrane, and thus present intracellulary as AA. DHA absorption is lower than that of AA [260] and, due to the relatively low affinity of DHA transport compared with ascorbate transport, indicates that most vitamin C is absorbed as ascorbate. A subsequent section deals with the implications of this on the recommended doses of vitamin C.
The mechanism of ascorbate acummulation was controversial for many years, but now appears to be in clear agreement that two isoforms of specific ascorbate transporters are known with a similar amino acid sequence and structure but with different tissue distributions [261] [262] [263] [264] [265] [266] [267] [268] . The sodium-dependent vitamin C transporter type 1 (SVCT1) resides in apical brush-border membranes of intestinal and renal tubular cells [269] . The SVCT2, on the other hand, is found in cells of most other tissues. In addition to uptake of AA via SVCT, DHA can enter cells by facilitated diffusion on the ubiquitous glucose transporters of the GLUT family (GLUTs) as the bicyclic hemiketal species (Figure 2) [270, 271] , which is the DHA form in solution [272, 273] . AA is not transported by the GLUTs [274] . In plant plasma membrane the DHA carrier is distinct from the glucose transporters [275] .
Natural and synthetic ascorbate correlate positively with water absorption [276] . The conclusions of the work of Nelson et al. (1975) [276] also says that AA is quickly absorbed in the first 30 cm of jejunum in clear disagreement with Malo and Wilson [260] , probably due to the use of a modified 2,4-dinitrophenylhydrazine reaction that did not allow distinction between other substances and AA or DHA. In another work, ascorbic acid in a citrus extract was found to be more bioavailable than synthetic ascorbic acid alone in human subjects [277] . But there must be another mechanism involved in the interaction between subtances in the citrus extract (mainly flavonoids) and vitamin C during intestinal absorption, because Song et al. [278] showed that flavonoids delayed or inhibited absorption of vitamin C and glucose via enzymatic inhibition of the intestinal vitamin C transporter SVCT1 and glucose transport GLUT2.
Ascorbic acid enhances absorption of non-heme iron, and food may be classified according to its relative bioavailability depending on the content of meat, fish, poultry, and/or ascorbic acid. Some lowmolecular-weight organic acids may also increase the bioavailability of non-heme iron [279] .
Norman Haworth solved the chemical structure of vitamin C and was awarded the Nobel Prize in Chemistry in 1937. In parallel with Haworth's vitamin C synthesis, Tadeus Reichstein developed a more practical method of synthesizing vitamin C, which became commercially useful. The Reichstein synthesis of vitamin C has been used to produce it for several years. Currently synthetic processes use genetically modified microorganisms [280] .
The current world production of vitamin C is about 100,000 Tm/year, or 15 g/year per each inhabitant of the globe [280] . If this figure is compared with the total world production of citrus fruits 99.97-105.00 MTm/years [281] ) with an average content of vitamin C of 100 mg/100 mL [16] on average, the contribution of citrus fruits to the vitamin C intake of the world's population is about 105,000 Tm, a quantity close to, but higher than, the synthetic production.
The current recommendation of daily intake of vitamin C is 90 mg/day for men and 75 mg/day for women. Patients with chronic diseases such as cancer or diabetes or those who smoke need higher doses in their diet. Ascorbic acid deficiency gives rise to scurvy. The symptoms develop with plasma levels below 0.15 mg/dL. Levine et al [259] showed that there is a sigmoidal relationship between AA ingestion and plasma concentration. Since a 60 mg dose was in the bottom third of the sigmoid curve and at 1000 mg daily dose the plasma concentration is completely saturated, it appears to be reasonable to recommend daily ingestion of higher doses of vitamin C.
DHA can prevent scurvy [282, 283] but to a lesser extent than ascorbic acid [256, 284] . Two controversial articles [284, 285] highlights the depletion of vitamin C plasma levels in the U.S. population and concludes that it is advisable to promote the consumption of orange juice with a greater amount of AA, i.e., as the frozen concentrate, instead of ready-to-serve juices, have a lower content of AA, while retaining a similar vitamin C content. The authors (Johnston and Bowling) concluded that DHA is not a real source of vitamin C based on the work of Malo and Wilson [260] who showed that DHA absortion is lower than AA or glucose. But the conclusions of Johnston and Bowling were in clear disagreement with those of the authors of the paper referenced [286] .
In summary, it appears to be established that the limiting step of vitamin C bioavailability in humans is the transcellular transport across the intestinal barrier [280, 281, 307] . Intracellular DHA is reduced to ascorbic acid by two major pathways: enzymatic reduction and chemical reduction by glutathione [287] [288] [289] involving the ascorbic acid recycling model. In this model the semidehydroascorbic radical (A .-) is reduced in the cytosol with enzymes using NADH [290] or by disproportionation to DHA and AA ( Figure 2) . In mammals the degradation of ascorbate appears to proceed via DHA, the most important oxidation product of ascorbate being A .- [291] . Quantitatively the process of reduction of DHA is less important than the reduction of A .- [290] . DHA is an unstable molecule, and its non-enzymatic hydrolysis occurs rapidly at neutral pH and is accelerated by HCO 3 - [292, 293] . Thus, DHA rapidly disappear in blood plasma. In addition, DHA reduction only occurs at a marginal rate at low concentrations in plasma [294] . GSH-dependent reduction of DHA is important when it is imported from extracellular medium. In fact, if there is a decrease in the tissue levels of GSH and ascorbate there is a marked increase of DHA that causes severe tissue damage especially in the mitochondria [295] .
Cancer, oxidative damage, lipid oxidation and cardiovascular disease
There is a scientific consensus that consuming fruits and vegetables has a protective effect. It is unlikely that any one anti-carcinogenic substance is responsible for this benefit, but vitamin C appears to be the most important substance in this role. There is much scientific support linking the intake of pharmacological amounts vitamin C and a positive effect on the evolution of many types of cancer [296] [297] [298] . Epidemiological studies showed that protective effects are more closely associated with the consumption of fruits and vegetables than with the levels of vitamin C often used in the studies [299] .
Oxidative and free radical damage to DNA and cell membranes is an important factor in cancer initiation, and it is clear that AA can help prevent such damage. Furthermore, persons with high intakes of dietary vitamin C or citrus fruit have repeatedly been found to have a lower risk of developing cancer [236] . This is related to the generation of H 2 O 2 via reaction of ascorbate with O 2 [298, 300] . In fact, H 2 O 2 causes cancer cells to undergo apoptosis [301] . Normal cells are considerably less vulnerable to H 2 O 2 . The reason for the high sensitivity of tumor cells to H 2 O 2 is not clear but may be due to lower antioxidant defenses [302] .
It has been hypothesised that dietary ascorbic acid might be required for tumor angiogenesis and, therefore, tumor growth. Tests with mice showed that a vitamin C deficiency had no significant effect on the hydroxylation of proline and collagen production during tumor growth or in angiogenesis [303] . Collagen production is reduced but not abolished in the mammary gland of mice as a result of vitamin C deficiency in Lewis lung carcinoma tumors [304] . In fact, there appears to be a positive correlation between the elevation of activity of peptidylproline hydroxylase (PPH) and the elevation of collagen biosynthesis and proline hydroxylase activity during spontaneous mammary gland carcinogenesis in mice. As ascorbic acid is required for collagen biosynthesis, hydroxyproline synthesis is partially blocked by the omission of ascorbic acid from the incubation medium [305] .
Oxidative damage has many implications for human health. The contribution of vitamin C and other antioxidants from the consumption of citrus juices helps to improve the antioxidant status, which affects the physiology related to the ingestion of lipids, which in turn is related to obesity and cardiovascular health. Vitamin C can detoxify reactive products of oxygen metabolism, or reactive oxygen species, such as superoxide, hydrogen peroxide and singlet oxygen. Its involvement as an antioxidant and free radical scavenger may be of primary importance in disease prevention. Oxidative stress is implicated in the cognitive deterioration associated with normal aging as well as neurodegenerative disorders such as Alzheimer's and Parkinson's diseases. A study with Gulo-/-mice on the effect of ascorbic acid on oxidative stress, cognition, and motor abilities in mice suggests that low levels of ascorbic acid and elevated oxidative stress may be responsible for the exacerbated motor deficits in those mice, and ascorbic acid may have a vital role in maintaining motor abilities [306] . The hetero dimer transcriptional Hypoxia-inducible factor HIF, is key in the response of cells to oxidative stress and is mediated by ascorbic acid [307] [308] [309] . Therefore, ascorbic acid plays a central role in maintaining the antioxidant response capabilities provided by the Mediterranean diet.
In rats oral ascorbic acid supplementation has direct effects on behavioral activity and on adipocytes lipolysis in early obesity stages, which could indicate a protective short-term role of this vitamin against adiposity induced by chronic high-fat diet consumption [310] . There is consensus that a diet rich in fruits and vegetables and low in lipids reduces the risk of heart disease. Epidemiological studies have also shown a significant association between vitamin C intake and protection against cardiovascular diseases. Although the mechanism is still unclear, it appears that one major factor in the development of heart disease is a high level of oxidized low-density lipoprotein (LDL). In a recent study Harats et al. (1998) [311] has shown that high intakes of vitamin C (500 mg/day) avoid the rise in the levels of oxidized LDL, in a high-saturated fat diet. The vitamin C was obtained from freshly squeezed orange juices.
Conclusions:
Ascorbic acid plays a central role in maintaining the antioxidant response capabilities provided by the Mediterranean diet, and citrus juices are the principal source of vitamin C for human nutrition along with synthetic vitamin C.
